I. INTRODUCTION
Before the birth of the quantum chromodynamics (QCD), the possible existence of tetraquark () and pentaquark () had been anticipated when GellMann [1] and Zweig [2] first proposed the quark model. In 1976, Jaffe studied the light tetraquark in the framework of the MIT bag model [3, 4] . Chan and Högaasen also studied this topic in the color-magnetic spin-spin interaction from the one-gluon exchange [5] . Chao further considered the hidden-charm [6, 7] and full-charm [8] tetraquarks. Meanwhile, the pentaquark was also studied in many models, such as the color-magnetic hyperfine interaction [9, 10] and the MIT bag model [11] .
In despite of the theoretical investigations, the first experimental evidence of the exotic states did not appear until 2003, when the Bell Collaboration observed the X(3872) state in the exclusive B ± →K ± π + π − J/ψ decays [12] . Later, the CDF [13] , D0 [14] , BaBar [15] , LHCb [16] , CMS [17] and BESIII [18] Collaborations confirmed this state, and the LHCb Collaboration further determined its quantum number to be I G J P C = 0 + 1 ++ [16] . For over a decade, lots of charmonium-like XY Z states have been observed, such as Y (3940) [19] , Y (4140) [20] , Y (4260) [21] , Y (4360) [22] , Y (4660) [23] , and so on. Many of XY Z states do not fit into the conventionalmeson spectrum in the quark model. To explain their nature, theorists have interpreted some of them to be the molecular state [24, 25] , hybrid meson [26, 27] , tetraquark [28, 29] , etc. More detailed reviews can be found in Refs. [25, [30] [31] [32] [33] [34] Compared to the tetraquark candidates, the experimental observation of the pentaquark states is more difficult. In 2015, the LHCb Collaboration measured the Λ b →J/ψK − p decays, and observed two resonances, P c (4380) and P c (4450), in the J/ψp channel, which indicates that they have a minimal quark content of uudcc [35] . Very recently, the LHCb Collaboration reported the observation of three narrow peaks in the J/ψp invariant mass spectrum of the Λ b →J/ψKp decays [36] . They found that the P c (4450)
+ is actually composed of two narrow resonances, P c (4440) + and P c (4457) + . Moreover, they also reported a new state below the Σ cD threshold, namely the P c (4312)
+ . Their masses and widths are as follows: Since their masses are slightly below the Σ cD , Σ * cD and Σ cD * thresholds respectively, they can be interpreted as molecules composed of a charm baryon and an anticharm meson [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . For example, Chen [46] interpreted them as bound states of Σ cD with J P = 1/2 − , Σ * cD with J P = 3/2 − and Σ cD * with J P = 3/2 − , while Chen et al. [45] , He [48] , and Liu et al. [49] interpreted the P c (4312), P c (4440) and P c (4457) as loosely boundsystem, where the mass spectra mostly depend on the chromomagnetic interaction between the quarks (or antiquark) [11] . The hidden-charm pentaquarks were also studied in constituent quark model [50] [51] [52] [53] [54] [55] [56] [57] .
The quark model is widely used to investigate the mass spectra of hadrons [1, 2, [58] [59] [60] [61] [62] [63] [64] [65] . In the quark model, each quark (antiquark) carries the kinetic energy p 2 + m 2 . In the nonrelativistic limit, the kinetic energy reduces to m+p 2 /2m, and the inter-quark potential contains the lattice QCD-inspired linear confinement interaction and the short-range one-gluon-exchange (OGE) interaction. Usually the OGE interaction consists of the spin-independent color Coulomb-type terms, the spin-spin chromomagnetic interaction, the tensor interaction, and the spin-orbit interactions etc.
We can use the chromomagnetic model to study the ground state hadrons [3, 4, 61, [66] [67] [68] [69] [70] [71] . In the chromomagnetic model, the mass of ground state hadrons consist of the effective quark masses and the chromomagnetic hyperfine interaction. This simple model reproduced the hyperfine splitting of hadrons quite well. Compared to the quark model, the chromoelectric interaction has been absorbed by the effective quark masses. However, the one-body effective quark masses are not enough to account for the two-body chromoelectric effects. In Ref. [72] , Karliner et al. found that the color-related binding terms are needed when they considered the interactions between a heavy (anti-)quark and a strange (or heavy) quark. Similarly, Høgaasen et al. generalized the chromomagnetic model and included a chromoelectric term H CE = − i,j A ijλi ·λ j to study the hidden-beauty partners of the X(3872) [73] . Note that in 1978, Fukugita et al. had already used the color and chromomagnetic interactions to investigate the pseudobaryons [9] . Chan et al. also used these interactions to study the properties of di-/tri-quarks, which are constituents of multiquarks [74] .
In Ref. [75] , we extended the chromomagnetic model and included the effect of color interaction. According to color algebra, we further introduced the quark pair mass parameters (mand m) to account for both the effective quark masses (m q ) and the color interaction (Aand A) between the two quarks. Then we used this model to calculate the masses of multi-heavy baryons. Our calculated mass of Ξ cc , 3633.3 ± 9.3 MeV is very close to the LHCb's experiment [3621.40 ± 0.72(stat. ± 0.27(syst.) ± 0.14(Λ c ) MeV] [76] .
In this paper, we systematically study the mass spectrum of thecc (q = n, s, and n = u, d) pentaquarks in the extended chromomagnetic model. In Sec. II we introduce the extended chromomagnetic model and construct the wave functions of thecc pentaquarks. In Sec. III A we present the model parameters. Then we calculate and discuss the numerical results in Sec. III B. We conclude in Sec. IV.
II. THE EXTENDED CHROMOMAGNETIC MODEL
A. The Hamiltonian
In the chromomagnetic (CM) model, the mass of hadron is governed by the Hamiltonian [5, 61, [69] [70] [71] 
where m i is the ith constituent quark's (or antiquark's) effective mass, which includes the constituent quark mass, the kinetic energy, and so on, and S i = σ i /2 and F i =λ i /2 are the quark spin and color operators respectively. For the antiquark, Sq = −S * q and Fq = −F * q . The coefficient v ij depends on the spatial wave function and the quark masses
As pointed out in Ref [72, 73, 75] , the effective quark masses are not enough to absorb all the two-body chromoelectric effects. To solve this problem, Høgaasen et al. generalized the chromomagnetic model by including a chromoelectric term [73] 
and the total color operator i F i nullifies any colorless physical state, we introduced a new quark pair mass parameter
and rewrite the model Hamiltonian as [75] 
where
are the color and CM interactions between quarks.
B. The pentaquark wave function
To investigate the mass spectra of the pentaquark states, we need to construct the wave functions. In principle, the total wave function is a direct product of the orbital, color, spin and flavor bases. Since we only consider the ground states, the orbital wave function is symmetric and irrelevant for the effective Hamiltonian [see Eq. (6)]. Moreover, the Hamiltonian does not contain a flavor operator explicitly. Thus we first construct the color-spin wave function, and then incorporate the flavor wave function to account for the Pauli principle.
The spins of the pentaquark states can be 1/2, 3/2 and 5/2. In the (qq⊗q)⊗qq configuration, the possible color-spin wave functions are listed as follows,
2. J P = 3/2 − :
3. J P = 5/2 − :
where the superscript 1,3 
2. Type B [Flavor = (nnsQQ) I=0 ]:
3. Type C [Flavor = {(nnnQQ) I=3/2 , sssQQ}]:
If we use Ψ J X,a to denote the total wave function of X-type, the preceding wave functions can be rewritten as
Since
are independent of the flavor, we have (I = C, CM)
Diagonalizing the Hamiltonian, we can obtain the mass spectrum and the eigenvectors.
III. NUMERICAL RESULTS

A. Parameters
In Ref. [75] , we have carefully extracted the parameters of the extended chromomagnetic model from the ground state mesons and baryons. Specifically, the parameters mand vare extracted from the mesons. The mand vwith at most one heavy quark are extracted from the light and singly heavy baryons, and those with two heavy quarks are estimated from a quark model consideration. With these parameters, we calculated the mass of Ξ cc to be 3633.3 ± 9.3 MeV, which is very close to the LHCb's result, M Ξcc = 3621.40 ± 0.72 MeV [76] . All parameters are listed in Table I . In this work, we use the same parameters to study the mass spectrum of the S-wavecc pentaquark states.
B. The hidden-charm pentaquarks
The nnncc system
The calculated eigenvalues and eigenvectors of the nnncc system are listed in Table II . First we consider the nnncc state with isospin I = 1/2. The lowest state has mass of 3097.0 MeV with J P = 1/2 − . This state,
Di with
has a dominant component of Ψ 1/2 D5 . Notice that in the nnn⊗cc configuration, Ψ 1/2 D5 can be written as a direct product of a baryon and a meson,
In other word, this state couples almost completely to the N η c scattering state. Therefore it has probably a very broad width and is just a part of the continuum. It is worth stressing that this kind of state also exists in the calculation of the qqcc tetraquark, where the lowest state couples strongly to a heavy charmonium and a light meson [28, 77] . Moreover, the states of 4024.2 MeV (with J P = 1/2 − ) and 4028.2 MeV (with J P = 3/2 − ) couple strongly to N and J/ψ channel. The above states are also scattering states. We label these scattering states in the fifth column of Table II . The situation of the nnncc states with I = 3/2 is similar. There are four low mass states. The lowest one, 4217.5 MeV with J P = 3/2 − , is a scattering state of ∆ and η c , and the other three states, 4320.8 MeV with J P = 1/2 − , 4336.0 MeV with J P = 3/2 − and 4336.8 MeV with J P = 3/2 − , couple very strongly to ∆ and J/ψ.
After identifying the scattering states, the other states are genuine pentaquarks. We plot their relative position in Fig. 1(a) . For simplicity, we use P c (m, I, J P ) to denote the nnncc pentaquark states. From Table II , we see that the lightest state is P c (4327.0, 1/2, 1/2 − ). This state is very close to the recently observed P c (4312). If the future experiment does confirm the quantum number of P c (4312) to be 1/2 − , it is likely a tightly bound pentaquark state. The next lowest state P c (4367.4, 1/2, 3/2 − ) corresponds to the P c (4380), which has the same quantum number [35] and may be a tightly bound pentaquark as well. Moreover, there is a partner state P c (4372.4, 1/2, 1/2 − ) in this region. If P c (4380) truely corresponds to P c (4367.4, 1/2, 3/2 − ), this partner state should also exit, which can be searched for in future experiment. In higher energy region, we find the P c (4476.3, 1/2, 3/2 − ) and P c (4480.9, 1/2, 1/2 − ), which can be identified with P c (4440) and P c (4457) [36] . Above 4.5 GeV, there are P c (4524.5, 1/2, 3/2 − ) and
The nnncc pentaquark with isospin I = 3/2 are all above 4.6 GeV.
Besides the mass spectrum, the eigenvectors also provide important information about the decay properties [3, 11, 53, 78] . We can calculate the overlap between the pentaquark and a particular baryon × meson state. Then we can determine the decay amplitude of the pentaquark into that particular baryon × meson channel. To calculate the overlap, we transform the eigenvectors of the pentaquark states into the nnc⊗nc configuration. Normally, the nnc and nc components inside the pentaquark can be either of color-singlet or of color-octet (see Sec. II B). The former one can easily dissociate into a S-wave meson and a S-wave baryon (the so-called "OZI-superallowed" decays [3] ). The latter one cannot fall apart without the gluon exchange. For sim- Pc (4380) Pc (4312) Pc (4440) Pc (4457) (Ληc)0 plicity, we follow Ref. [3, 11] and focus on the "OZIsuperallowed" decays in this work. The corresponding eigenvectors in the nnc⊗nc configuration are listed in Table III . For the color-singlet part, we can rewrite the base states as a direct product of a baryon and a meson.
For each decay mode, the branching fraction is proportional to the square of the coefficient of the corresponding component in the eigenvectors, and also depends on the phase space. For the two body L-wave decay, its partial 
where α is an effective coupling constant, γ i is a quantity determined by the decay dynamics, m is the mass of the parent particle, k is the momentum of the daughter particles in the rest frame of the parent particle, and c i is the coefficient of the corresponding component. For the decay processes which we are interested in, (k/m) 2 is of O(10 −2 ) or even smaller. Thus we only consider the S-wave decays since the higher wave decays are all suppressed. Employing the eigenvectors in Table III , we can calculate the value of k · |c i | 2 for each decay process (see Table IV ). Next we have to estimate the γ i . Generally, γ i depends on the spatial wave functions of the initial pentaquark and final meson and baryon, which are different for each decay process. In the quark model, the 
and
The values of the relative widths of different decay modes are listed in Tables V and VI . 
which indicates that the partial decay width of the N η c channel is larger than that of the N J/ψ. On the other hand, P c (4327.0, 1/2, 1/2 − ) also has open charm decay modes. From Table IV , we see that Σ cD and Λ cD * are its dominant decay modes. It is worth stressing that the calculated mass of this state is just several MeV higher than the threshold of Σ cD (4321 MeV); considering the error of the model (Taking Ξ cc for example, our calculation differs from the experiment by 12 MeV [75] ), this state may probably lie below the Σ cD threshold and thus cannot decay into this channel. If we assume that the P c (4327.0, 1/2, 1/2 − ) corresponds to the observed P c (4312) state, we have
If the P c (4312) is observed in the N η c channel, and its partial decay width is larger than that of the N J/ψ channel, then the P c (4312) is very likely a tightly bound pentaquark which corresponds the P c (4327.0, 1/2, 1/2 − ). If the P c (4312) does not appear in the N η c channel, or its partial decay width is much smaller than that of the N J/ψ channel, the P c (4312) may not be a tightly bound pentaquark. Moreover,
We hope the future experiments can search for the P c (4312) in the N η c and Λ cD * channels. Next we consider the two states in the vicinity of P c (4380). The P c (4367.4, 1/2, 3/2 − ) only has one hidden charm decay mode N J/ψ, while the P c (4372.4, 1/2, 1/2 − ) can decay to both N J/ψ and N η c . Moreover,
Thus this state can also be found in the N η c channel.
On the other hand, P c (4367.4, 1/2, 3/2 − ) can only decay to Λ cD * , and P c (4372.4, 1/2, 1/2 − ) decays dominantly to Λ cD .
Then we consider the P c (4476.3, 1/2, 3/2 − ) and P c (4480.9, 1/2, 1/2 − ). Both of them couple weakly to the hidden charm channel(s). Note that the former state can only decay to N J/ψ while the latter state can also decay to N η c , which can be used to distinguish the two states. In the open charm channels, both of the two states decay dominantly to the Λ cD * channel. The Σ cD * mode is also important for P c (4476.3, 1/2, 3/2 − ). The mass difference between the Σ cD * threshold (4462 MeV) and the two states is only ∼ 10 MeV, which is within the error of the CM model. The two states probably lie below the Σ cD * threshold and cannot decay through this mode. P c (4476.3, 1/2, 3/2 − ) can also decay to Σ * cD with a not-so-small fraction. If P c (4476.3, 1/2, 3/2 − ) and P c (4480.9, 1/2, 1/2 − ) truly correspond to the P c (4440) and P c (4457) respectively, we have 
Finally, we consider the two states over 4.5 GeV. We see that P c (4524.5, 1/2, 3/2 − ) may also be observed in the N J/ψ channel, while P c (4546.0, 1/2, 5/2 − ) can only decay to this mode through higher partial waves, which is suppressed. The dominant decay modes of P c (4524.5, 1/2, 3/2 − ) are Σ * cD , Σ cD * and Λ cD * . Note that the Σ * cD * mode has the largest coefficient in the eigenvector, but this mode is suppressed by phase space. And the P c (4546.0, 1/2, 5/2 − ) can only decay to Σ * cD * . There are three nnncc pentaquark states with I = 3/2. Their masses are all above 4.6 GeV. As shown in Table III, since their couplings to ∆J/ψ are not very small, they can be observed in the ∆J/ψ channel in the future experiments. We also calculate the partial decay width ratio of each mode. For P c (4601.9, 3/2, 1/2 − ) and P c (4717. 
In both cases, the P c states have a large decay fraction to the open charm channels. Since all P c states are observed in the N J/ψ channel, it is very helpful if the future experiments can search for the open charm channels.
The nnscc system
Now we turn to the nnscc systems. The mass spectrum of the nnscc system is listed in Table VII . Similar to the nnncc case, we first identify the scattering states composed of a nns baryon and a charmonium. For the I = 0 case, the Λ⊗η c scattering state corresponds to the spin-1/2 state around 4086.1 MeV. The Λ⊗J/ψ scattering states can be of spin-1/2 and -3/2. The latter one has a mass 4209.5 MeV, while the former one is more complex. Actually, there are two states correspond to the spin-1/2 Λ⊗J/ψ scattering state. Their masses are 4197.4 MeV and 4208.6 MeV respectively. Since they all have large fractions of color-octet components (57% and 46%), we still consider them as pentaquarks. We also reproduce most of the scattering states with I = 1. The scattering state of Σ ( * ) and η c has J P = 1/2 − (3/2 − ) and mass 4145.5 MeV (4366.8 MeV). And the Σ⊗J/ψ scattering states can be of J P = 1/2 − (4264.9 MeV) and J P = 3/2 − (4269.7 MeV). We only reproduce two Σ * ⊗J/ψ scattering states, namely the J P = 1/2 − one with mass 4466.7 MeV and the J P = 5/2 − one with mass 4487.8 MeV. For the spin-3/2 Λ⊗J/ψ case, there are two J P = 3/2 − states couple strongly to Σ * ⊗J/ψ. Their masses are 4485.9 MeV and 4488.4 MeV respectively. They also have large fractions of color-octet components (37% and 62%). Thus we consider them as pentaquarks. For clarity, we add a fifth column in Table VII to label these scattering states. In the following, we will use P c,s (m, I, J P ) to denote the nnscc pentaquark states.
In Fig. 1(b) , we show the relative position of the nnscc pentaquark states. We also plot all the meson-baryon thresholds which they can decay to through quark rearrangement. Compared to the nnncc case, the nnscc system has larger numbers of states and decay patterns. There are 18 channels that the nnscc pentaquarks may decay to. From the figure, we can easily identify the decay constrains of the isospin conservation and kinetics.
To have a more quantitative description of the decays, we transform the eigenvectors to the nnc⊗sc and nsc⊗nc configurations. The color-singlet components are shown in Tables VIII-IX . Using the eigenvectors, we calculate the value of k·|c i | 2 for each decay process (see Table X ). In the quark model, the spatial wave functions of the ground state scalar and vector meson are the same. And the same spatial wave function of Σ * does not differ much from that of Σ. In the heavy quark limit, Σ c and Σ * c have the same spatial wave function. Similarly, the Ξ * c and Ξ c have the same spatial wave function, and their spatial wave functions do not differ much from that of Ξ c . Thus for each nnscc pentaquark
The relative partial widths of different decay modes are listed in Tables XI-XIII. From the eigenvectors, we find a new type of scattering state, which consists of a charm baryon plus an anti-charm meson. The P c,s (4584.9, 1, 3/2 − ) has 82% of the Σ cD * They are expected to be broad. But we still cannot rule out the possibility that they are pentaquark states. To obtain a more definite conclusion, one needs to consider the dynamics inside the pentaquark, which is beyond the present work.
Two of the lowest nnscc pentaquark states are the P c,s (4197.4, 0, 1/2 − ) and P c,s (4208.6, 0, 1/2 − ). From Fig. 1(b) , we see that they can only decay to Λη c , thus they should have narrow widths. However, their wave functions have large overlaps with the ΛJ/ψ, and their predicted masses are just below the ΛJ/ψ threshold. Considering the error of the present model, their masses can probably be larger than the ΛJ/ψ threshold. In that case, they will decay easily to ΛJ/ψ and be broader. 
The P c,s (4465.0, 0, 1/2 − ) and P c,s (4489.6, 0, 1/2 − ) have the same quantum numbers and decay channels, but we can still use their relative size of partial decay widths to distinguish them. For P c,s (4465.0, 0, 1/2 − ), we have
and Γ Ξ cD : Γ ΞcD * : Γ ΞcD = 1 : 0 : 7.9.
And the P c,s (4489.6, 0, 1/2 − ) has
and Γ Ξ cD : Γ ΞcD * : Γ ΞcD = 1 : 0.57 : 1.1. Its dominant decay mode is Λ cDs . For the P c,s (4501.5, 0, 3/2 − ), its dominant decay modes are Λ cD * s and Ξ cD * . It can also decay to ΛJ/ψ. We also obtain three states above 4.6 GeV. We further study the I = 1 nnscc pentaquark states. Their partial decay width ratios are also listed in Tables XI-XIII. There are three states above all meson-baryon thresholds [P c,s (4680.6, 0, 5/2 − ) is not included since it is a scattering state; see Fig. 1(b) ]. They may be broad since they can decay freely to many open charm channels.
Experimentally, three P c states have been observed in the N J/ψ channel. It is quite possible that the P c,s states can be found in the ΛJ/ψ and Σ ( * ) J/ψ channels. Moreover, we can also use open charm channels to search for these states. The ssncc system is similar to the I = 1 nnscc system. We present their mass spectra in Table XIV In the following, we will use P c,ss (m, J P ) to denote the ssncc pentaquark. We plot the relative position of the ssncc pentaquark states and all the relevant meson-baryon thresholds in Fig. 1(c) . We also transform the eigenvectors to the ssc⊗nc and nsc⊗nc configurations. The color-singlet components are listed in Table XV It is a scattering state of Ω * cD * . Its dominant decay mode is Ω * cD * and it should be broad. In Table XVI , we calculate the values of k·|c i | 2 of the ssncc pentaquark states. Similar to the nnncc and nnscc, for each ssncc pentaquark state,
The calculated partial decay width ratios are listed in Tables XVII-XIX. The last class of the hidden-charm pentaquark is the ssscc system. They are similar to the nnncc states with isospin I = 3/2. We present their mass spectra in Table XX. We find three scattering states (4736.0 MeV with J P = 1/2 − , 4767.5 MeV with J P = 3/2 − and 4768.6 MeV with J P = 5/2 − ) which couple very strongly to the ΩJ/ψ and a scattering state (4645.1 MeV with J P = 3/2 − ) which couples strongly to the Ωη c . We will focus on the other ssscc pentaquark states. To study their decay properties, we transform their wave functions to the ssc⊗sc configuration (see Table XXI ). And we also plot their relative position in Fig. 1(d) , along with all possible decay channels. We find that they are all above the open charm thresholds and have large overlap with the Ω ( * ) c ⊗D ( * ) s component. Thus they should all be very broad. The partial decay width ratios can be found in Tables XXII-XXIV.
IV. CONCLUSIONS
In this work, we have systematically studied the mass spectrum of the hidden charm pentaquark in the framework of an extended chromomagnetic model. In addition to the chromomagnetic interaction, the effect of color interaction is also considered in this model. With the eigenvectors obtained, we have further investigated the decay properties of the pentaquarks.
For the nnncc pentaquark with I = 1/2, we find that the masses of the experimentally observed P c states are compatible with such pentaquark states. − ), this partner state should also exit, which can be searched for in future experiments.
In higher mass region, we find P c (4476.3, 1/2, 3/2 − ) and P c (4480.9, 1/2, 1/2 − ). They may correspond to the P c (4440) and P c (4457) respectively. Both of them couple weakly to the hidden charm channel(s). Note that the former state can only decay to N J/ψ while the latter state can also decay to N η c , which can be used to distinguish the two states. In the open charm channels, both of them decay dominantly to the Λ cD * . And the P c (4476.3, 1/2, 3/2 − ) can also decay to Σ There are three nnncc pentaquark states with I = 3/2, their masses are all over 4.6 GeV. They can decay into the ∆J/ψ channel, while P c (4633.0, 3/2, 3/2 − ) can also decays to ∆η c . In the open charm channel, P c (4601.9, 3/2, 1/2 − ) decays dominantly to the Σ cD * and Σ cD modes, P c (4717.1, 3/2, 1/2 − ) decays dominantly to the Σ * cD * and Σ cD * modes, and P c (4633.0, 3/2, 3/2 − ) can decay to the Σ * cD * , Σ * cD and Σ cD * modes.
We have also used this model to explore the nnscc, ssncc and ssscc pentaquark states. With the obtained eigenvectors, we further explore the hidden and open charm decays of these pentaquark states. We hope that 
